Introduction
Numerous studies have demonstrated that larger seeds enhance seedling performance. However, the mechanisms by which this effect is achieved appear to be diverse and variable. Currently, three hypotheses are thought to be potentially important to this observation . First is the "reserve effect," whereby larger seeds retain extra metabolic resources that can be used to enhance survival if conditions are unfavorable (García-Cebrián et al. 2003; Green and Juniper 2004a; Myers and Kitajima 2007) . Second is the "metabolic effect," whereby seedlings from larger seeds have slower relative growth rates and consume resources more slowly, thus potentially enhancing longterm survival (Saverimuttu and Westoby 1996; Wright and Westoby 1999) . Third is the "seedling size effect," whereby larger seeds produce larger seedlings that are better competitors and thus better able to gain greater access to resources.
To date, most tests of these hypotheses have involved interspecific or interpopulation comparisons in which allocation-based trade-offs are expected (Kitajima 1994; Westoby et al. 1996; Kitajima 2002; Green and Juniper 2004a, b) . Other studies have been conducted on annual plants or over relatively short time periods, neither of which are designed to detect longer-term effects of seed size (Stanton 1984; Ke and Werger 1999; Green and Juniper 2004b; Quero et al. 2007 ). An exception is the study by Baraloto et al. (2005) , who examined effects of seed mass in two large-seeded neotropical tree species over 5 years and found strong effects of initial seedling size on subsequent seedling performance. Their results provided mixed support for the seedling size hypothesis, which was countered primarily by a failure to find a positive correlation between seedling size and long-term survivorship in one of the species in a path analysis taking into account both direct and indirect effects.
Distinguishing among these three hypotheses is complicated by the fact that a positive correlation between seed size and initial seedling size is likely under all three (Quero et al. 2007 ). Furthermore, under at least some circumstances, all assume that larger size enhances the fitness of seeds. They are, however, expected to affect different components of fitness (Table 1) . Any advantage of the reserve effect, for example, is specific to survival under adverse conditions, even if it comes at the expense of faster growth and larger seedling size. As originally proposed, the advantages of large seed size via the reserve effect are explicitly temporary and are not expected to confer longterm survival or size benefits . Although it has been suggested more recently that seeds might transfer reserves to other parts of the plant for later deployment, works by García-Cebrián et al. (2003) , Kennedy et al. (2004), and Quero et al. (2007) do not support the hypothesis that seed reserves influence seedling oaks (Quercus spp.) or tanoak (Notholithocarpus densiflorus) beyond a short initial period of 1 to 2 months. Thus, in the short term, the reserve effect is expected to yield a positive correlation between seed size and initial seedling survival but is consistent with either a positive or a negative relationship between seed size and initial seedling size. In the long term, the reserve effect predicts no significant relationship (neither positive nor negative) between seed size and either seedling growth rate or survival.
The metabolic effect proposes that the relative growth rate of large seeds is slower, conferring a survival advantage under unfavorable conditions . Thus, this hypothesis predicts a positive relationship between seed size and initial survivorship; it is also most consistent with a negative correlation between seed size and seedling size, particularly under harsh conditions when the survival advantage is most likely to be expressed. In the long term, the metabolic effect should enhance seedling survival, at least under adverse conditions, while predicting no relationship between seed size and long-term relative growth rate.
Finally, the seedling size effect proposes that large seeds provide advantages in terms of competition, both for light aboveground and for water and nutrients belowground (Foster 1986; Metcalfe and Grubb 1997; Lloret et al. 1999) . Thus, the seedling size effect specifically predicts a positive correlation between seed size and initial seedling size. However, this large investment in growth is likely to come at a cost to seedling survival (Stearns 1989) . Thus, this hypothesis is the only one consistent with a negative correlation between seed size and short-term seedling survival. In the longer term, larger seedlings are likely to benefit from their greater access to resources by experiencing both enhanced growth rate and enhanced survival, thus predicting a positive correlation between seed size and both these fitness components.
These contrasting predictions open the door for testing these hypotheses from a functional perspective using data on seedling survival and growth gathered on both a shortterm and longer-term basis. Here, we perform such a test by means of a 13-year common garden experiment on valley oak (Quercus lobata Née), a large-seeded, endemic species common in California woodlands and savannas (Pavlik et al. 1991) of particular conservation concern due to low recruitment (Tyler et al. 2006; Zavaleta et al. 2007 ) and projected losses due to climate change (Kueppers et al. 2005) . 
Long-term relative growth rate Acorns used in the study were collected from mother trees during October-November 1997 in five localities spanning the latitudinal distribution of valley oak, which is entirely within the state of California, USA ( Fig. 1 ). Mature acorns were collected from the trees or from the ground directly below the trees in situations where maternity was unambiguous. Acorns that were obviously damaged or parasitized were avoided, but otherwise were chosen randomly, untreated, and kept cool and dry until sowing. Size of acorns, determined from their length and width measured to the nearest 0.1 mm, was estimated by the formula for a prolate spheroid (4/3×π×length×width 2 ). Mass of the intact acorns was determined to the nearest 0.01 g.
Acorns were planted in November 1997 at Sedgwick Reserve, Santa Barbara County, in a grid located in a flat area along the flood plain of the Figueroa Creek, approximately 800 m NNE of the reserve headquarters. The elevation of the plot was 300 m and the mean annual precipitation 38 cm; for additional details regarding the reserve, see http://sedgwick.ucnrs.org/. From each of the eight mother trees from each of the five collecting sites, 11 sets of four randomly selected and individually numbered acorns of known size (440 sets of acorns in all) were planted in 60×23 cm wire baskets placed within 30×23 cm auger-drilled holes bored into the soil on a 21×21 m grid with 2 m between baskets. Thus, baskets protruded 30 cm above ground level after being set into the bored holes and allowed roots to grow into the soil below the basket. After placement, the removed dirt was returned to the holes followed by 5 cm of bark mulch to inhibit weed growth and netting attached to the top with wire and a staple, allowing access to the inside of the basket to inspect seedlings. All sets of acorns were assigned randomly to a basket with respect to their locality of origin and mother tree.
Subsequent censuses of the survival and size of the seedlings were made on four occasions. The first census was in June 1998, approximately 7 months following planting, at which time baskets were weeded and all but one randomly chosen seedling was carefully removed from each basket containing surviving seedlings. As a measure of growth, we used the maximum height of stems, measured to the end of the highest stem tip and excluding any protruding leaves. During the following winter, approximately half of the baskets were watered, with the watering treatment randomized within baskets containing acorns of each mother tree. The second seedling survey was conducted in January 1999 when seedlings were approximately 14 months old, at which time weeds were again removed and the maximum height of shoots was measured. The third census was made in late summer 2002 when seedlings were approximately 5 years old. At that time, both the maximum stem height and basal diameter of seedlings were measured and baskets impeding the growth of seedlings were opened, exposing seedlings to natural browsing by deer. The fourth and final census was made in September 2010 when seedlings were approximately 13 years old. At that time, both maximum stem height and diameter of shoots were measured. When more than one main shoot was present, their diameters were combined to yield a value corresponding to a single sprout with the same basal area as that of the combined shoots present.
Although we provide data for stem diameter when available, we used maximum stem height as the main proxy of fitness for two reasons. First, it was possible to measure it during all surveys, and thus, it provided the best measure of growth rate we were able to obtain without destructive sampling. Second, growing above the height at which most grazers are able to reach is a primary means trees have of circumventing browsing by native herbivores and grazing by domestic animals, a major limitation of recruitment of Q. lobata and several other species of California oaks (Tyler et al. 2006) . Thus, the rate at which seedlings increase in height is likely to play an important role in recruitment and thus fitness in this species. Finally, the two measures were highly correlated, both when measured during the summer 2002 survey (ln[stem height]= 1.05(ln[stem height]) +1.14, F 1,299 =438, P < 0.0001) and when measured during the final survey in September 2010 (Fig. 2) .
Seedling relative growth rate (RGR) was calculated as (ln(height at date 2)−ln(height at date 1))/(time interval) (Baraloto et al. 2005) for the period between planting and the first survey (0-7 months; this is equivalent to growth at the time of the first survey), and between the first and remaining surveys (7-14 months, 7 months-5 years, and 7 months-13 years). Analyses of seedling growth rate and survival were made using linear mixed-effects models with both locality of origin and maternal tree included as random effects and maternal tree nested within locality; binomial error terms were assumed for the survival analyses. Whether seedlings were watered or not was included in analyses of survival and maximum height at the second (14 months) survey. However, neither this variable nor its interaction was significant (most likely because the winter of 1998-1999 was relatively wet and thus water was not limiting), and they are thus not discussed further. Finally, in order to look at potential direct and indirect effects on seedling survival and performance, we performed a path analysis with the strength of causal relationships between seed size, initial seedling size, long-term seedling survival, and RGR estimated by the standardized partial regression coefficients of multiple regressions using the data from the final (13 years) survey. All statistical tests were conducted in R 2.10.0 (R Development Core Team 2009).
Results

Seed size variation
Acorns used in the plantings ranged in estimated volume from 1.02 to 17.35 cm 3 (mean±SD=6.36±2.45 cm 3 ; N= 1,471) and mass between 0.48 and 3.20 g (mean±SD=1.35± 0.45 g; N=332). There was a strong correlation between these two measures of size (r=0.81, df=320, P<0.001), both of which differed significantly among sites (one-way analysis of variance, estimated volume F 4,1466 =92.0, P<0.001; acorn mass F 4,317 =13.3, P<0.001). Estimated volume was not normally distributed (Shapiro test W=0.958, P<0.001) but was normalized by fourth-root transformation (Shapiro test W=0.998, P=0.06). Mass was also non-normally distributed (Shapiro test W=0.965, P<0.001) but was normalized by log transformation (Shapiro test W=0.995, P=0.45). Thus, these transformations were used in all subsequent statistical analyses.
Seedling survival
Initial seedling survival was determined from planting to 7 months of age when the first survey took place. At that time, general linear models controlling for locality revealed a significant negative effect of estimated acorn volume on seedling survival; the relationship between acorn mass and survival was not significant (Table 2) . Subsequent censuses determined survival from the time of the first census at 7 months (Table 2 ). Survival to 5 years, the time of the third census, was 95.7%, at which point there was a significant positive effect of both acorn mass and acorn volume. Survival to the final census at age 13 was 93.8%, at which time there was still a significant positive effect of acorn mass, but not estimated acorn volume, on survivorship.
Seedling size and relative growth rate
There were highly significant, positive effects of acorn size (both estimated volume and mass) on both maximum shoot height and trunk diameter in all surveys (Table 2; Fig. 3a) . When measured as RGR between the first survey at 7 months and subsequent surveys, there was generally no relationship, but the relationship became significantly negative between acorn volume and RGR by the time trees were 5 years old (Table 2; Fig. 3b ). 
Path analysis
The results of path analyses measuring the effects of seed size on seedling performance confirmed the strong positive, direct effect of seed size on initial seedling height and the strong negative relationship between initial height and long-term RGR (Fig. 4) . The relationship between seed size and longterm survival was weak, being made up of a small negative direct effect and a small positive indirect effect through initial seedling height. The relationship between seed size and long-term RGR was similarly composed of an opposing positive direct effect (significant in the case of seed mass) and a negative indirect effect through initial seedling height.
Discussion
Valley oak acorns vary considerably in size both among trees and among years (Koenig et al. 2009a) . As found here, they also vary among sites and within populations, a feature in common with other species of North American oaks (Aizen and Patterson 1990; Aizen and Woodcock 1992; Koenig et al. 2009b ). Here, we investigated the fitness consequences of variable seed size in terms of their effects on survival and seedling growth with the goal of discriminating among three hypotheses for the generally positive relationship observed between seed mass and seedling performance. These included the reserve effect (larger seeds retain a larger proportion of reserves after Fig. 3 a Relationship between acorn volume and maximum stem height at the first survey when seedlings were 7 months old (equivalent to RGR during this period) and at the last survey when seedlings were 13 years old. b Relationship between acorn volume and RGR measured from 7 months to when the trees were 13 years old; dashed line at RGR=0. Statistics are summarized in Table 2   Table 2 Results of linear mixed-effects models explaining maximum seedling height and RGR (between the first and subsequent surveys) as a function of initial estimated acorn volume and mass germinating potentially conferring short-term survival benefits), the metabolic effect (seedlings from larger seeds exhibit slower growth rates conferring greater survival over the long run), and the seedling size effect (larger seeds produce larger seedlings that exhibit superior competitive abilities). In contrast to most prior studies (Quero et al. (2007) being an exception), we quantified the fitness effects of varying seed size within a single species measured over both the short and longer term. Our results confirm some of the complexities of the relationship between seed size and seedling performance that have been found in prior studies. Consistent with all three hypotheses, seed size correlated with larger initial seedling size at 7 months of age, a result matching numerous prior studies, including several with oaks (Dunlop and Barnett 1983; Tripathi and Khan 1990; Tecklin and McCreary 1991; Westoby et al. 1996; Ke and Werger 1999; Gómez 2004; Navarro et al. 2006) . More useful for discriminating among the hypotheses was the negative relationship between seed size and initial seedling survival, predicted only by the seedling size effect. The causes of early mortality are unknown; although given that seedlings were protected from most grazing pressure, it is likely that fungal (Christ and Friese 1993) or other pathogens may be playing a role.
Over the longer term, we found evidence for a positive relationship between seed size and seedling survivorship, due primarily to indirect effects mediated though initial seedling height. This relationship was only predicted by the metabolic and seedling size effects. In terms of longer-term relative growth rate, the mixed-effects models revealed a significant inverse relationship with acorn volume (Table 2) . However, this relationship was also primarily indirect through the strong effect of initial seedling height on RGR. Controlling for the effect of initial seedling height in the path analyses, we found a weakly significant positive effect of seed mass on RGR (Fig. 4a) , a correlation again only predicted by the seedling size effect.
In summary, we found that larger acorns resulted in not only larger seedlings but larger saplings that were taller, greater in basal diameter, and to some extent exhibited greater relative growth rates 13 years after planting than smaller acorns. However, although larger acorns also enhanced long-term survivorship, they suffered greater initial mortality. These relationships support the seedling size effect as being the most important mechanism enhancing the fitness of larger seeds in this species.
It is possible, however, that other effects are sometimes important. The metabolic effect, for example, is most likely to be expressed under particularly unfavorable conditions , which may not have characterized conditions during this study due to unusually wet conditions early in the study, the selection of acorns without insect damage, weeding to remove competition, and reduction of herbivory by use of the cages protecting the young sprouts. The influence of the reserve effect is potentially even more complex. Most prior studies of oaks have found that excision of the cotyledon has little or no effect on seedling growth (Jarvis 1963; Sonesson 1994; Andersson and Frost 1996) . An exception is the study by Bonfil (1998) , who excised cotyledons 1 month after germination and found significant impacts on seedling growth and survival in two species of oaks persisting through the first growing season. More recently, García-Cebrián et al. (2003) found that excising the cotyledon from young Quercus robur shoots just after they emerged had no significant effect on early seedling growth once shoots were more than 2 weeks old, while Kennedy et al. (2004) documented several effects of seed reserves on physiology and early growth in N. densiflorus but found no effect on seedling biomass of seed removal 64 days after shoot emergence. Although possible effects beyond one or two seasons were not measured in any of these studies, they generally indicate that any reserve effect in oaks declines rapidly during seedling development and is usually complete within 1 to 2 months following germination.
Nonetheless, it is possible that at least some of the reserves found in the large acorns of Q. lobata are transferred early on to other storage sites in young seedlings where they play an important role in growth or survival at a much later time. García-Cebrián et al. (2003) , for example, found that 80% of the biomass and 73% of the nitrogen content of seeds had been transferred to Q. robur seedlings within 14 days of shoot emergence, but whether such reserves continue to play an important role long after these transfers is unknown. A complete understanding of the role these reserves play in the subsequent life-history of seedlings in this species would clearly require analyses beyond the scope of this study.
We conclude that the seedling size effect plays the most important role in producing the observed relationship in Q. lobata between seed size and seedling performance. Although larger seeds tend to produce larger seedlings, this effect appears to come at a cost of higher initial mortality, a tradeoff found in several (Kitajima 1994; Myers and Kitajima 2007) but by no means all (Tripathi and Khan 1990; Baraloto et al. 2005 ) prior studies. Such trade-offs render the fitness benefits of choosing larger acorns for management and regeneration projects uncertain, especially given the potential importance of other selective factors. For example, within a population, seed predators may prefer larger seeds, leading to selection further countering the growth advantages of larger seeds (Gómez 2004) . Equally relevant is the fact that small oak saplings in this habitat may persist for decades despite intense grazing pressure (Koenig and Knops 2007) , suggesting that the longer-term benefits of larger seed size expressed after sprouting takes place may be particularly important. These and other factors suggest that different-sized seeds are likely to achieve fitness advantages under differing ecological conditions, thus simultaneously helping to explain the variability in acorn size found within and among species of oaks (Aizen and Patterson 1990; Aizen and Woodcock 1992) and the difficulty of unambiguously determining either optimum acorn size or the factors influencing seed performance. However, when restoration practitioners are able to minimize environmental stressors through irrigation and herbivore exclosures, large seeds do appear to confer longterm benefits to seedling and sapling performance and are thus good candidates for planting stock.
